The destruction of superconducting phase coherence by quantum fluctuations and the control of these fluctuations have been a problem of long-standing interest, with recent impetus provided by its relevance to the pursuit of very high temperature superconductivity. Building on the work of Little and Parks, de Gennes predicted more than three decades ago that superconductivity could be destroyed near half-integer-flux quanta in ultrasmall loops with a side branch, resulting in a destructive regime. We report the experimental observation of this Little-Parks-de Gennes effect in Al loops prepared by advanced e-beam lithography. We show that the effect can be used to restore the lost phase coherence through side branches.
The existence of a many-body state composed of fluctuating, phase-incoherent Cooper pairs has been a problem at the forefront of superconductivity research for decades. Such a state, which may emerge when the global superconducting phase coherence is destroyed by strong disorder, Coulomb repulsive interaction, or magnetic field [1] , may have been realized in the pseudogap phase of high critical temperature (T c ) superconductors found at temperatures well above T c [2] . If the fluctuations in such a state could be suppressed and global phase coherence built through engineering means, very high temperature superconductivity would be obtained. A similar state with a different physical origin, to be discussed in detail below, is expected in doubly connected ultrasmall superconductors [3] [4] [5] . Recent theoretical studies have produced some detailed predictions on the nature of the thermal and quantum superconducting fluctuations in this state, and how the fluctuations may be controlled [6] [7] [8] . Novel phenomena, such as hc/e as opposed to the hc/2e Little-Parks oscillations as the size of the loop is reduced [9, 10] and the occurrence of superconductivity in the smallest doubly connected samples, the thinnest carbon nanotubes [11] , may be expected. New experimental techniques capable of probing and manipulating these fluctuations were developed [12, 13] . Therefore, similar to singly connected mesoscopic superconductors in which some spectacular physical phenomena were found [14] [15] [16] , ultrasmall doubly connected ultrasmall superconductors are likely to grow into a fertile testing ground for fundamental studies of superconductivity, including the pursuit of very high temperature superconductivity.
The fluxiod quantization in a thin, doubly connected superconductor requires that an applied flux (Φ) threading the superconductor, produce a superfluid velocity v s ∼ (1/C)(n − Φ/Φ 0 ), where C is the circumference of the loop, n is an integer that minimizes v s , and Φ 0 (= hc/2e) is the flux quantum. The periodic modulation of v s , which reaches a maximum at half-integer-flux quanta, * Electronic address: liu@phys.psu.edu leads to the well-known Little-Parks oscillations in the superconducting transition temperature (T c ) [18, 19] . Based on a Ginzburg-Landau theory, de Gennes made a prediction in 1981 [3] that the T c oscillation amplitude could become so large for ultrasmall samples that superconductivity itself is destroyed (T c = 0) near halfinteger-flux quanta due to the growth of maximal v s and the associated kinetic energy as C shrinks. The resulting non-superconducting state is referred to as the destructive regime [3] [4] [5] . Furthermore, de Gennes predicted that the addition of a "dangling" side branch, which does not change v s and naively should not affect superconductivity in the loop, could stabilize the phase coherence in the entire sample and suppress the destructive regime [3, 4] . The presence of the destructive regime and its suppression by the side branch in ultrasmall superconducting loops are referred to here as the Little-Parks-de Gennes (LPdG) effect.
In order to observe the LPdG effect the circumference, C, of the superconducting loop must be smaller than πξ(0), where ξ(0) is the zero temperature superconducting coherence length with typical value around 100 nm for superconducting microstructures. Preparation of such an ultrasmall loop is a significant challenge. Previous studies of superconducting loop structures almost all featured a minimal loop size around 1 µm, far too large to observe the LPdG effect [20] . While the use of doubly connected ultrathin cylinders [5, [21] [22] [23] led to the successful demonstration of the destructive regime, the full LPdG effect, especially the role played by the side branch has not been explored experimentally. Our samples were prepared by advanced electron beam lithography, yielding a line width of 40 nm with 31 nm thick Al. The electrical transport measurements were carried out at d.c. technique in an RF filtered dilution refrigerator with a base temperature of 20 mK. Two electrical leads connected to the loop (Fig. 1a) conveniently function as the side branches in de Gennes' theory, whose effective length, L, is essentially that of the narrow part of the leads. Our devices showed a low level of disorder, with a zero-field transition temperature T c0 = 1.28 K and ξ(0) = (100 ± 15) nm [24] .
The destructive regime was observed in our ultrasmall loop structures. Shown in Fig. 1b are resistance vs. magnetic flux traces taken at 50 mK for two loops with circumferences C = 409 and 384 nm and side branches of a length L = 146 and 370 nm, respectively. At zero field the entire device is superconducting, and with increasing field the wide parts of the leads are driven normal first, at a field of 350 G. As the applied field increased further, with the corresponding flux approaching to Φ 0 /2, the loop is driven into the normal state, marking the emergence of a superconductor-normal metal quantum phase transition (QPT). While Sample A reaches the full normal state resistance between 0.45 Φ 0 and 0.7 Φ 0 , Sample B features a resistance peak at Φ 0 /2, demonstrating in both cases the presence of a destructive regime and QPT.
The flux tuned QPT in these ultrasmall Al loops can be manipulated by varying the loop circumference, C. Shown in Fig. 2 is data obtained from two samples of different C values but a similar lead length, L ≈ 370 nm. In Fig. 2a , a C = 384 nm sample was found to show a distinctive resistance peak near Φ 0 /2, indicating the destruction of superconductivity. For the sample with C = 492 nm, however, superconductivity remains robust at Φ 0 /2 as shown in Fig. 2b .
The attainment of the destructive regime made it possible to examine recent predictions regarding quantum fluctuations in the destructive regime based on pair breaking theories [6] [7] [8] , which provided a framework for understanding fluctuation enhanced electrical conductivities [6] , or the magnetic responses from the fluctuat- ing persistent currents [7, 8] in the destructive regime. Within this theory, for loop structures at a given magnetic flux, the energies for a pair of time-reversal single particle states differ by α [25] , which quantifies the energy difference for two time-reversal single particle states. A reduced T c is obtained by solving the equation
where ψ is the digamma function [6] [7] [8] . Including second order effects related to a nonzero wire width [8] , we have where D = 8k B Tc0ξ 2 (0) π is the diffusion coefficient for disordered superconductors, and w is the line width. In this theory, the quantum critical point is given by T c = 0 of the ring, yielding α c = 0.889k B T c0 . Similarly in mean field Ginzburg-Landau theory, [25] 
Taking ∆T c to T c0 , we arrived the condition for T c = 0. In the case of the destructive regime is not reached, the value of T c can be predicted using both theories. A comparison between these predictions and our experimental results is shown in Table 1 for Sample C. Both theories have the correct trend, especially the presence of the destructive regime at 3Φ 0 /2 but not at Φ 0 /2 in Sample C but neither predicts the experimentally observed destructive regime in this sample as shown in Table 1 . It should be emphasized that in both cases the effects of the addition of two side branches were not considered. The reduced sample resistance seen in the destructive regime (Fig. 1b) clearly comes from superconducting fluctuations, a situation different from that in the previous cylinder work where similar finding could in principle be due to sample specific causes [22, 26] . Here the thermal superconducting fluctuations expected above the mean-field transition, T c0 , were explicitly demonstrated (Inset of Fig. 3) . However, the analysis of quantum fluctuations, predicted to depend on depairing energy, α, which increases with C −2 [6] , needs to be handled carefully. The main issue is determining when quantum fluctuations start to dominate, which is not clear even theoretically [6] [7] [8] . However, given the large values of α because of the small C value, at 50 mK, which corresponding to T/T c0 = 0.039, quantum fluctuations should be at least substantial in our ultrasmall samples. This is consistent with the behavior observed in samples with different circumference but a fixed lead length in which the reduced resistance seems to be a function of depairing energy α, as shown in Fig. 3 for Sample B and Sample C. It is interesting to also note that, when the finite width correction is considered, an additional broadening in α is apparent in Fig. 3 , as expected [8] .
A central feature of the LPdG effect, that the destructive regime is strongly affected by the presence of a side branch on the loop [3, 4] , was readily tested in the current experiment. In Fig. 4 we show results obtained from two loop structures with similar C but different L values. While the sample with short side branches showed a robust destructive regime with full normal state resistance over a wide range of flux, the other with long side branches was found to be fully superconducting near Φ 0 /2 at the lowest temperatures. Therefore a sufficiently long side branch does suppress the destructive regime, as predicted [3, 4] . Evidently the side branch functions as a reservoir of condensation energy, which balances out the kinetic energy rise in the loop and helps restore the global phase coherence by converting fluctuating pairs into a superconducting condensate.
The QPT seen in our ultrasmall Al loops is different from the two-dimensional superconductor-insulator transitions (SITs) studied previously [27] . Here the sample is of a finite size and therefore long-range phase coherence is not a defining feature of the state on either side of the QPT. Such a QPT has been encountered previously in finite-size systems [28] . Another fundamental question concerns the nature of the quantum superconducting fluctuations in the destructive regime. In almost all known cases, the origin of the quantum superconducting fluctuations can be traced to the uncertainty relation [17] , ∆N ∆φ > 1, which attributes the fluctuations in the phase of the superconducting order parameter (φ) to reduced fluctuations in the number of Cooper pairs (N ). In our samples, no mechanism to reduce ∆N is present even though ∆φ can clearly be large. A different mechanism for inducing quantum fluctuations must then be at work. It is an intriguing possibility that the observed quantum fluctuations are mainly amplitude rather than the phase fluctuations. Amplitude fluctuations were discussed previously [1] in the context of two-dimensional SITs [1, 27] and in high-T c superconductors [29] . In these previous cases, fluctuations of phase and amplitude tend to be intermixed and difficult to analyze. Ultrasmall superconducting structures may then provide us with a simple model system in which quantum fluctuations may be accurately controlled by device design and applied flux. The restoration of lost phase coherence among fluctuating pairs by the addition of a side branch suggests that global phase coherence could be engineered, a possible pathway to very high temperature superconductivity.
